Transforming growth factor β (TGF-β) is a major secretory product of macrophages which, through autocrine/ paracrine pathways, play a central role in normal reproductive tissues as well as in disorders such as endometriosis and intraperitoneal adhesion formation. Using TGF-β antisense oligonucleotides and U937 cells (a promonocytic human cell line) as an in-vitro model, the present study examined the autocrinemediated action of TGF-β1 on proliferation, anchor-dependent and -independent cell aggregation and expression of several mRNAs of cell surface adhesion molecules including integrins and platelet-endothelial cell adhesion molecule (PECAM-1). Northern blot analysis and enzyme-linked immunosorbent assay (ELISA) revealed that treatment with TGF-β1 antisense, but not sense or nonsense oligomers, in a dose-dependent manner (0.1-10 µM) down-regulated the expression of TGF-β1 mRNA and protein to undetectable amounts at the highest antisense concentration. TGF-β1 antisense at Ͻ1 mM slightly increased, while at Ͼ3 µM significantly inhibited, the rate of DNA synthesis and proliferation of these cells (P Ͻ0.05). Treatment with TGF-β1 antisense promoted cell aggregation under anchor-independent culture conditions (plastic dishes), while it suppressed colony formation under anchor-dependent culture conditions (soft agar assay). U937 cells expressed α 2 , α 3 , α 4 , α 5 , α 6 , β 1 and β 2 integrin mRNA and PECAM-1 mRNA, while α v , β 3 and β 5 integrin mRNA was undetectable. The relative amounts of α 2 , α 3 , α 4 , α 6 , β 1 and β 2 integrin and PECAM-1 mRNA expression were down-regulated in a dose-dependent manner after TGF-β1 antisense treatment, while α 5 integrin mRNA expression was up-regulated, although it was undetectable at 10 µM antisense. In contrast, TGF-β1 antisense up-regulated β 3 mRNA expression with maximal effect occurring at 10 µM. These results provide evidence that the autocrine loop of monocyte/macrophage-derived TGF-β1 action is essential for regulation of growth, aggregation and the expression of adhesion molecules by these cells. We propose that in disorders such as endometriosis and peritoneal fibrous adhesions, significantly higher numbers of tissue macrophages with the capacity to express excess TGF-β1 yield an environment able to promote cell-cell and cell-matrix interactions, and thus lead to further complications from these abnormalities. We are currently investigating whether site-specific inhibition of TGF-β using antisense strategy is a useful tool for management of these lesions, particularly after their post-surgical removal.
Introduction
and Archer 1993; Chegini et al., 1994a,b; Chegini and Williams, 1996; Chegini, 1997a,b) . U937 cells, a promonocytic Macrophages are normal cellular components of reproductive human cell line with many characteristics of normal circulating tract tissues and peritoneal fluid, whose numbers change in monocytes, has provided us with an interesting in-vitro model relation to phases of the menstrual cycle (Hunt and Pollard, to investigate the direct role of macrophages and their secretory 1992; Rappolee and Werb, 1992; Ramey and Archer, 1993) . products in these events (Juneja et al., 1995) . Accumulating evidence suggests that, through cell-cell interAmong the major secretory products of macrophages is transaction and via their secretory products, macrophages influence forming growth factor β (TGF-β), which is also expressed by various normal physiological functions of these tissues, such various other cell types including ovarian, oviductal and uterine as follicular growth, ovulation, fertilization, early embryonic endometrial cells, endometrial implants and intraperitoneal fibdevelopment, pre-and post-implantation endometrial events rous adhesions (Chegini and Flanders, 1992; Chegini et al., and menstruation (Hunt and Pollard, 1992; Brannstrom and 1994b,c; Juneja et al., 1996; Chegini, 1997a,b) . TGF-β is detect- Norman, 1993; Tabibzadeh, 1994; Chard, 1995; Chegini, able in peritoneal fluid, with values significantly higher in 1996). Conversely, due to increases in macrophage number, patients with endometriosis and adhesions (Oosterlynck et al., prolonged activation and elaboration of secretory products, 1994; Rong et al., 1997) . Due to its multifunctional activity, they participate in the manifestation of pathological disorders TGF-β can inhibit and/or stimulate cell growth and differentiaffecting these tissues such as endometriosis, pelvic inflammatory diseases and intraperitoneal adhesion formation (Ramey ation depending on the cell type. It is a potent inflammatory and cDNA sequences. A 21-mer oligomer was designed corresponding to immunosuppressor agent, by acting as a chemoattractant and the antisense sequence flanking the translation initiation region of the stimulatory factor for monocytes and macrophages, while promRNA sequence for human TGF-β1, as well as sense and nonsense foundly inhibiting T and B lymphocyte activation and natural oligonucleotides with the same chain length and base composition killer cell proliferation (Piacebello et al., 1991; Massague, 1990;  as sense and antisense oligonucleotides. The oligonucleotides were Roberts, 1995) . Tissue macrophages derive from circulating synthesized using phosphorothioate linkages with the following blood monocytes and proliferate by the autocrine/paracrine sequence, with the ATG-initiation codon underlined:
action of factors such as TGF-β (Riches, 1996) . We have shown antisense: 5Ј-TCCCCCATGCCGCCCTCCGGG-3Ј that overexpression and/or administration of TGF-β into the sense: 5Ј-CCCGGAGGGCGGCATGGGGGA-3Ј
peritoneal cavity increases the rate of post-surgical adhesion and nonsense: 5Ј-CGGTGGACAGGCGCGAGGGCG-3Ј.
formation, while in the ovarian bursa of mice primed with preg- (Williams et al., 1991; Juneja et al., 1996) .
25 mg/ml gentamicin and incubated in 95% air/5% CO 2 atmosphere TGF-β is a chemoattractant factor for fibroblasts and, by Ashkenas et al., 1994; Lessey et al., 1994a,b;  and 1% polyvinylpyrrolidone), 1% sodium dodecyl sulphate (SDS) Van der Linden et al., 1994 Bischof et al., 1995) .
and 100 mg/ml of denatured salmon sperm DNA. After prehybridiza-
The antisense oligonucleotide technique has provided an tion, the membranes were hybridized with human TGF-β1 cDNA efficient tool to prevent the expression of a specific gene probe (the 2.1 kb EcoRI fragment) labelled with [ 32 P]-a deoxycytidine triphosphate by nick translation in the same solution at 42°C for 8-product, and to examine its direct action in regulating various 16 h. The membranes were washed under highly stringent conditions cellular activities including the expression of other factors in the in 2ϫ SSC-0.1% SDS for 1 h at room temperature and washed again absence of this gene product (Hatzfeld et al., 1991; Zamecnik, with 0.2ϫ SSC and 0.5% SDS for 30 min at 65°C. Autoradiography 1996). Using TGF-β antisense oligonucleotide strategy and was performed at -70°C with Kodak X-Omat AR film. Equivalent promonocytic U937 cells which have previously been demonamounts of total RNA loaded and transferred per sample were verified strated to be appropriate for an in-vitro model (Juneja et al., by visualization of ethidium bromide-staining and hybridization with 1995), the aim of the present study was to examine the 18S RNA subunit probe.
autocrine-mediated action of TGF-β1 on cell proliferation, anchor-dependent and independent cellular aggregation and TGF-β1 enzyme-linked immunosorbent assay the expression of integrins and PECAM-1, events which Culture-conditioned media from TGF-β1 antisense-, sense-and nonare essential for cell-cell interaction and communication in sense-oligomer-treated and untreated cells were assayed for TGF-β1 endometriosis and adhesion formation.
using an ELISA according to the manufacturer's recommended procedures (Madison, WI, USA), with a detection limit of 25 pg/ml . The media were assayed before and after acid
Materials and methods
treatment which results in activation of latent TGF-β, and amounts of active and total TGF-β1 were determined by comparison with All the materials for cell culture were purchased from commercial known standard concentrations (Tang et al., 1994 ). sources as previously described (Juneja et al., 1995) . The U937 cells, a human promonocytic cell line and TGF-β1 cDNA were obtained from [ 3 H]-thymidine incorporation and cell proliferation assays the American Type Culture Collection, Rockville, MD, USA. TGF-β1 enzyme-linked immunosorbent assay (ELISA) and nick-translation kits
The U937 cells were cultured in 96-well plates as described above and were then made quiescent by incubation under serum-free as well as restriction enzymes were purchased from Promega (Madison, WI, USA). All the DNA oligonucleotides and PCR primers for TGFcondition for 48 h. The quiescent cells were washed with PBS and treated with TGF-β1 antisense, sense or nonsense oligomers at 0.1-β1, integrins α 2 , α 3 , α 4 , α 6 , α v , β 1 , β 2 , β 3 , β 5 , PECAM-1 and gylcenaldehyde-3-phosphate dehydrogenase (G3PDH) were synthesized at the 10 mM concentrations prepared in medium supplemented with 2% FBS containing 2 mCi/ml However, adding serum to the culture medium resulted in . reversal of TGF-β1 antisense action by maintaining the TGF-β1 mRNA expression ( We then examined the action of TGF-β1 on the rate of DNA in a humidified atmosphere of 5% CO 2 for 7-14 days. After synthesis and proliferation of U937 cells. As shown in Figure 3 incubation the number of colonies with Ͼ20 cells was counted under reducing TGF-β1 expression by TGF-β1 antisense at 0.1 µM a microscope. had no effect on the rate of U937 cells, while the sense and nonsense oligomers had no effect in comparison with untreated controls (Figures 4 and 5) . Kinetic studies demonstrated that cellular aggregation involved
Results
up to 90% of the cells and reached a plateau after 3 days of The effect of TGF-β antisense oligonucleotides on antisense treatment ( Figure 5 ). As shown in Figures 6 and 7 TGF-β1 expression under anchor-dependent conditions (soft agar), higher concentrations of TGF-β1 antisense, but not sense and nonsense, oligonInitially TGF-β1 antisense, sense and nonsense oligonucleotides with sequences complementary to the translation initiation ucleotides induced a dose-dependent inhibition of colony formation by U937 cells. At Ͻ1 µM TGF-β1 antisense had no site of the TGF-β1 gene were tested for their ability to suppress the expression of TGF-β1 mRNA. As shown in Figure 1 (upper effect on the number of colonies formed, whereas it caused significant stimulations of colony numbers at 1.0 µM, and inhibipanel), Northern blot analysis indicated that TGF-β1 antisense, tion at higher concentrations (P Ͻ0.05, Figure 6 ). The results indicate that TGF-β1 has an inverse regulatory effect on cell subunit mRNA and PECAM-1 mRNA, total cellular RNA was isolated from TGF-β1 antisense-or sense-treated U937 cells and subjected to RT-PCR. The U937 cells expressed α 2 , α 3 , α 6 and β 2 mRNA was inhibited by TGF-β1 antisense treatment in a dose-dependent manner, with α 2 , α 3 , α 4 , α 5 , α 6 , β 1 and α 4 , α 5 , α 6 , β 1 and β 2 integrin subunits and PECAM-1 mRNA in variable amounts, but expression of α v , β 3 and β 5 mRNA β 2 being undetectable at 10 µM TGF-β1 antisense. In contrast, expression of integrin α 5 and PECAM-1 mRNA was maximal was undetectable (Figure 8 ). The expression of integrins α 3 , 
Discussion
Macrophage-derived TGF-β, acting via autocrine and paracrine pathways, appears to play a central role in maintenance and after treatment with 3 mM of TGF-β1 antisense and subsequently inhibited at a concentration of 10 µM (Figure 8) .
viability of endometrioic implants, the outcome of post-surgical peritoneal fibrous adhesion formation, and endometriosisThe integrin β 3 subunit mRNA was up-regulated and maximally expressed in cells treated with 10 mM of TGF-β1 antisense. associated infertility (Williams et al., 1991; Chegini et al., 1994b; Juneja et al., 1995 Juneja et al., , 1996 Chegini and Williams 1996 ; Similar to Northern blot analysis, RT-PCR also indicated that TGF-β1 (but not G3PDH) mRNA expression was inhibited Chegini, 1997a Chegini, , 1997b Rong et al., 1997) . Using U937 cells and TGF-β1 antisense oligomers we examined the autocrineby TGF-β1 antisense treatment in a dose-dependent manner (Figure 8 ). TGF-β1 sense oligomer treatment did not alter mediated action of macrophage-derived TGF-β1. Prevention of TGF-β1 expression by these cells: (i) alters their rate of the expression of TGF-β1, integrins or PECAM-1 mRNA (Figure 8) .
DNA synthesis and proliferation; (ii) inversely regulates the homotypic cell-cell interaction under anchor-dependent and independent conditions; and (iii) inversely regulates the expression of the mRNA of several integrin subunits and PECAM-1. The effect of TGF-β1 antisense in these events occurred dose-dependently and appeared to be specific and without cytotoxicity, indicated by the inability of TGF-β1 sense and nonsense oligonucleotides to alter TGF-β1 mRNA and protein expression, DNA synthesis, cell proliferation, aggregation or integrin mRNA expression. The co-inhibition of TGF-β1 mRNA and protein in U937 cells by TGF-β1 antisense oligomer is consistent with the ability of antisense oligonucleotides to inhibit mRNA translation, possibly by degradation of the target mRNA mediated by RNase H (Zamecnik, 1996) . Similar to other cell types in culture, TGF-β1 synthesized and released by U937 cells was mostly in latent or biologically inactive form, and TGF-β1 antisense inhibited expression of both these forms, to undetectable amounts at 10 µM antisense concentration. The identity of the factors which result in TGF-β activation in vivo are unknown. However, proteolytic enzymes, whose expression is regulated by TGF-β, have been shown to activate latent TGF-β (Roberts, 1995). Thus, inhibiting TGF-β1 expression may also reduce or prevent the which derive from circulating monocytes (Riches, 1996) .
with (E) 10 µM TGF-β1 sense-treated U937 cells grown under serum-free conditions. Note a gradual decline in conentration of Consistent with the finding that the paracrine loop of TGF-β1 integrin mRNA expression with increasing antisense concentration, to action stimulates the growth of U937 cells (Lastres et al., undetectable amounts at 10 µM, with the exception of β 3 subunit.
1994), our data indicates that TGF-β1 alters, in an autocrine and There was no difference in the amount of G3PDH mRNA expression biphasic manner, the rate of DNA synthesis and proliferation in TGF-β1 antisense-and sense-treated cells compared with untreated according to its degree of expression, with significant inhibition control. M ϭ DNA marker.
ocurring in the absence of TGF-β1 expression. Furthermore, blocking the autocrine action of TGF-β1 caused a significant inducible promotor also results in an increase in U937 cell colony formation in soft agar (McGeady et al., 1990) . However, reduction in the ability of U937 cells to form colonies in soft agar, which is consistant with the report that induction of only active, but not latent TGF-β1 has been shown to inhibit U937 cell colony formation in soft agar under experimental TGF-β1 expression by rectoviral vectors under control of an conditions in the presence of 20% FBS which contains a reported to be due to the absence of stimuli including TGF-β (Lastres et al., 1994) . In addition, co-culturing PECAM-1-significant amount of TGF-β1 (Paito et al., 1990) . Interestingly, preventing TGF-β1 expression conversely promotes U937 transfected U937 cells bound to mouse fibroblasts led to the expression of PECAM-1 in the presence, but not in the absence cell aggregation under anchor-independent (plastic dishes) compared with anchor-dependent (soft agar) conditions. The of TGF-β1, and pretreatment of U937 cells with TGF-β prior to coincubation did not result in specific binding (Lastres et al., effect of TGF-β was always dose-dependent.
Receptor-mediated cell-cell and cell-matrix interactions 1994). This indicates the importance of cell-cell interaction as well as the requirement for TGF-β1-induced signal transducare critical in these processes, and increasing experimental evidence suggests that integrins play an important role. Intetion for cellular aggregation (Lastres et al., 1994) . It would be of interest to determine whether, under heterotropic conditions, grins are heterodimeric transmembrane glycoproteins of noncovalently linked α and β subunits, appearing as combinations i.e. cells isolated from endometrial implants/or fibrous adhesion co-cultured with macrophages, the expression of adhesion of multiple α and a single β subunit, or of several β with a single α subunit enabling them to bind to multiple ligands molecules in both cell types is required for specific binding, particularly in the absence of stimuli such as TGF-β in either (Ruoslahti, 1991; Hynes, 1992) . Integrin-mediated adhesions are important in many biological processes, including inflamone or both cell types. It is worth noting that the surface density of β 2 integrin on matory and immune responses, angiogenesis, cell invasion, tumorigenesis, embryogenesis, implantation, endometriosis, human fetal, but not maternal neutrophils and monocytes, has been shown to increase with gestation, illustrating the pattern of wound healing and adhesion formation (Ruoslahti, 1991; Hynes, 1992; Damsky et al., 1993; Ashkenas et al., 1994;  immunophenotypic maturation of fetal integrins (Thilaganathan et al., 1995) . In addition a positive correlation between fertiliz- Lessey et al., 1994b) . In addition, PECAM-1, which is a member of the immunoglobulin superfamily and is present in ing ability of spermatozoa and the expression of α 4 , α 5 and α 6 which pair with β 1 integrin (Klentzeris et al., 1995) , and platelets, monocytes, macrophages, sub-population of T cells and endothelium, is also involved in various cell recognition between uterine endometrial receptivity for embryo implantation and the expression of integrins α 1 β 1 , α 4 β 1 and α v β 3 (Lessey events (DeLisser et al., 1993) . TGF-β is known to regulate the expression of integrins and other adhesion receptors as well et al., 1994a) has been reported. In addition, impairment in endometrial α 1 β 1 , α 4 β 1 and α v β 3 expression (laminin, collagen, as their ligands, including fibronectin, vitronectin, laminin and collagens, etc, in a variety of cell types (Heino and Massague, fibronectin and vitronectin receptors) has been implicated in infertility and endometriosis (Lessey et al., 1994b; Van der 1989; Ruoslahti, 1991; Hynes, 1992; Massaque, 1992; Kagami et al., 1993; Ashkenas et al., 1994; Taiple et al., 1994; Hertle Linden et al., 1994 . We have shown that, throughout the menstrual cycle, human endometrium expresses several et Roberts, 1995; Riches, 1996) . Our data indicate that preventing TGF-β1 expression by TGF-β1 antisense integrin mRNAs including α 1 , α 4 , α v , β 1 and β 3 with the highest amounts occurring during the luteal phase (Dou et al., oligonucleotides results in down-regulation of α 2 , α 3 , α 4 , α 6 , β 1 and β 2 integrins mRNA expression; however, expression 1997). This coincides with the period of maximal TGF-β expression , suggesting that optimal of α 5 and PECAM-1 mRNA was regulated inversely in relation to TGF-β1 expression, with undetectable amounts when TGFendometrial integrin expression requires stimuli such as TGF-β. In this regard any alterations in macrophage-derived β1 was no longer expressed (at the highest antisense concentration). There was also an inverse relationship between β 3 TGF-β expression may have a direct impact on many of the key events that regulate both normal tissue function and the integrin mRNA and TGF-β1 expression in which reduction in TGF-β1 expression resulted in gradual induction of β 3 integrin outcome of disorders such as endometriosis, fibrous adhesion and endometriosis-associated infertility. mRNA expression, with maximal effect induction in the absence of TGF-β expression. The data suggest that TGF-β1
In summary, we have provided evidence that the autocrine loop of monocyte/macrophage-derived TGF-β1 action is essendifferentially regulates the expression of integrins and PECAM-1 mRNA; thus, the optimal expression of TGF-β1 appears to tial for regulation of growth, aggregation, and the expression of adhesion molecules by U937 cells. We propose that in be essential for co-expression of these molecules in these cells.
TGF-β1-induced U937 homotypic cellular adhesion which disorders such as endometriosis and peritoneal fibrous adhesions, the presence of significantly higher number of macrohas been shown to be mediated through up-regulation of PECAM-1 and its engagement, triggers cell adhesion involving phages expressing excess TGF-β create a favourable environment to promote cell-cell and cell-matrix interactions, leading β 1 and β 2 integrins in T cells (Lastres et al., 1994) . Although we did not determine the amount of integrins and PECAM-1 to further complication of these abnormalities. Studies are currently underway to determine whether site-specific inhibimRNA expression in U937 cells in soft agar, our finding that TGF-β1 antisense prevented their aggregation reflects such tion of TGF-β using antisense strategy may be a useful tool for management of these lesions, particularly after posta relationship and provides support for TGF-β1-mediated homotypic cell adhesion. However, we tend to ascribe the surgical removal. inverse relationship between the expression of integrins and PECAM-1 mRNA, and the U937 cell aggregation on plastic 
